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ABSTRACT 
The mechanical integrity of WC-Co hardmetals has been studied by the occurrence of subcritical crack 
growth and strength degradation under cycling loading. The investigation is conducted on three WC-Co 
hardmetals grades with different binder content and/or grain size by assessing fatigue crack growth 
(FCG) behavior and fatigue life tests at room temperature. 
Experimental fatigue results are compared to fracture toughness and flexural strength data. An analysis 
of the results within a fatigue mechanics context permits to corroborate FCG threshold as the effective 
fracture toughness under cyclic loading. Mechanical tests were complemented by a fractographic 
inspection using field-emission scanning electron microscopy. Critical defects are evidenced to be 
agglomerates of coarse grains and abnormally coarse grains. 
Additionally, a roughness study is carried out by atomic force microscopy in order to optimize sample 
preparation for electron backscatter diffraction (EBSD) imaging. EBSD mapping on stable propagated 
cracks has been accomplished to characterize the crack-microstructure interactions within the cobalt 
phase. EBSD results suggest that martensitic transformation of cobalt phase (from fcc to hcp) is not 
exclusively associated with cyclic loading, as it had been postulated in the literature. On the other hand, 
it seems to be induced by rough grinding of the exposed surfaces. From the perspective of fatigue 
micromechanisms, they are clearly localized within the binder phase, although specific nature 
(slip/twining) of the crystallographic-like path observed may not be defined at this research stage. 
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1. INTRODUCTION 
Phenomenological aspects of hardmetals such as microstructure, properties and processing methods, 
have been studied since several decades ago in order to improve their performance in technical 
applications. Hard materials are generally subjected to complex combinations of stress states and 
environmental conditions; therefore, fracture and fatigue analysis has been considered important 
features in lifetime and reliability characterization [1]. Within this context, fracture of cemented carbides 
has been rationalized through the Linear Elastic Fracture Mechanics (LEFM). Extensive literature 
specifies that materials design optimization may be accomplished by the means of fracture mechanics 
approach, taking into account the interaction of applied stress, fracture toughness and flaw size. 
Furthermore, several studies have permitted to understand that fracture process, from a microstructural 
view, is commonly associated with position, orientation, size and nature of the defects in materials. 
Therefore, the presence of these parameters within material turns into propagation of cracks in an either 
stable or unstable mode [2]. 
In the case of cemented carbides aspects such as size, nature, and interaction of the phases are 
additional parameters to consider in the fracture process. Particularly, binder phase region in WC-Co 
hardmetals, despite of its relatively small size, is the responsible for providing high toughness values to 
the composite material. Thus, the cobalt mean free path, and the constraint imposed by surrounding 
carbides grains, are generally considered important factors affecting the strength and ductility of the 
binder phase [3]. 
Extensive information shows that unstable fracture in WC-Co cemented carbide is characterized by local 
plasticity in the cobalt-rich binder phase, which is known as “dimples” and “ridges” due to their distinctive 
geometry [4]. Such features result from plastic deformation that the predominantly face center cubic 
cobalt (Co-fcc) undergoes during fracture. Hong and Gurland [5] observed that the required energy for 
propagation of the intergranular or transgranular cleavage cracks in tungsten carbides (WC) is 
considered to be greatly smaller than the energy necessary by the plastic deformation and ductile 
rupture of the binder. Consequently, it means that the plastic deformation of the binder contributes the 
major energy consumption process during crack propagation for cemented carbides. 
On the other hand, under cyclic loads it has been evidenced that fatigue fracture surfaces of WC-Co 
exhibit different microstructural aspect/features as compared to those seen in unstable fracture surfaces 
[6]. Moreover, stress and strain fluctuations during fatigue induce to different deformation mechanisms in 
these materials. Then, phase transformation of cobalt binder phase has been postulated to occur as a 
consequence of high stresses during cycling loads and/or high accumulated deformations. According to 
Pag. 6  Memory 
Erling et al. [6], stable fracture in hardmetal surfaces present “step-like” features due to combination of 
cleavage microcracks. In this case, cracks appear to follow crystallographic planes within a length scale 
given by the binder mean free path [6]. 
During fatigue crack growth, plastic deformation of cobalt binder has been observed ahead of the crack 
tip. It has been found that this deformation may be limited by boundaries between cobalt grains, and at 
the same time, that accumulated deformation may affect the progress and path taken by subcritical 
crack growth. Taking into account this argument, there is a direct relationship between WC-Co 
hardmetals fatigue sensitivity and binder thickness [1]. Additionally, there is a substantial decrease of the 
crack tip shielding effect owing to reduction in ductility of the ligaments behind the crack tip leading to a 
reduced in fatigue resistance of hardmetals [7]. 
Regarding FCG kinetics, rates for hardmetals usually show strong dependence on maximum stress 
intensity factor (Kmax). Furthermore, Kmax values for fatigue process are considerably lower than those of 
fracture toughness [8]. 
Even though it is known that mechanical properties of these alloys are critically dependent on the 
physical metallurgy of binder phase region, at the present time there are few studies dealing with 
deformation mechanisms of the binder phase in WC-Co hardmetals during fatigue process. Indeed, 
literature related to allotropic transformation of cobalt-rich phase as well as their crystallographic 
changes is limited [3].  
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2. SCOPE OF INVESTIGATION 
Despite the fact that hardmetals have been used for a long time and there exists extensive literature 
about fatigue phenomena, a detailed understanding of the fatigue mechanisms of binder phase in WC-
Co cemented carbide is not completed. Even more, with a few exceptions the structure of cobalt binder 
phase has not been analyzed in detail, despite its potential significance for influencing deformation and 
fracture. Consequently, it becomes evident the requirement for documenting morphologies features 
associated with cobalt binder phase in these materials. 
 
2.1 General 
The main objective of this study is to evaluate the fatigue behavior of three WC-Co hardmetals grades 
with different binder content and/or grain size. In doing so, special emphasis is placed on assessing 
plastic deformation mechanisms within the binder phase. 
2.2 Specific 
In order to reach the global aim of this investigation, the following objectives are listed below: 
 To assess the fatigue crack growth behavior of WC-Co hardmetals. 
 To analyze the relationship between experimental fatigue behavior and their mechanical 
properties. 
 To optimize sample preparation process for suitable Electron backscatter diffraction (EBSD) 
analysis. 
 To evaluate crack-microstructure interaction within the cobalt binder phase using EBSD 
technique. 
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3. STATE OF ART 
3.1 History and demand of hard materials 
The first hardmetal tool was patented by Karl Schröter in 1923 [9]. At that time, it was difficult to imagine 
the enormous breakthrough represented by this material in the tooling industry. After World War II, a 
huge market opened in the growing economies and cemented carbides contributed as tool materials and 
construction parts to their industrial development [10] [9]. 
A few years later (1931), the first cermet type material was patented. It was the starting point for the 
development of multicarbide systems [11]. Furthermore, some of the most demanding combined 
applications of strength, hardness and toughness for material engineering are supplied by hard 
materials, i.e. cemented carbide and cermets. In fact, there is a huge variety of these successful 
composite materials and their application range include: metal cutting, wire drawing, metal forming, 
composite machining, oil and gas drilling as well as mining tools. Particularly, for hardmetals and 
cermets, the most important technical application is cutting tools. Here, service conditions imply wear as 
temperature changes, static and cyclic loads. Specifically, cyclic loadings emerge from machine 
vibrations and other mechanical solicitations [7]. 
Cemented carbide consumption tendency has been expanded since its creation, and it has increased to 
around 30000t in 2010. Moreover, the worldwide cemented carbide industry production in the same year 
was estimated to be worth more than 10 billion euros [9]. It is important to take into account that more 
than 50% of global metal cutting market is dominated by cemented carbides, followed by superhard 
materials and steels, ceramics not far, and finally cermets [12]. 
World’s cemented carbide consumption for stoneworking and machining of wood and plastics are the 
largest fields of application, followed by metalcutting, wear applications and chipless forming. In contrast, 
the metalcutting group accounts for 65% of the turnover (due to its high degree of innovation), compared 
to stone working, machining of wood and plastics, wear applications and chipless forming (Figure 1) [10]. 
According to Fernandes et al. [9] miniaturization industry of electronic devices implies also new 
applications for fine and ultrafine hardmetals. 
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Figure 1 General application areas of cemented carbides. Estimated portions of worldwide consumption 
and turnover [10]. 
Around 95% of all cemented carbide cutting tools are tungsten carbide-based. Furthermore, China has 
the world's largest deposits of tungsten, followed by Canada, Russia, USA, Australia, Korea, Turkey, 
Bolivia and others [9]. China is the main producer and supplier of tungsten and tungsten products in the 
world, such as tungsten carbide. It currently accounts for around 50% of world tungsten demand 
according to the International Tungsten Industry Association (ITIA), and therefore has a commensurate 
effect on world consumption [13]. In this context, China plays a key role in the global tungsten market. 
Hence, Chinese tungsten prices are obviously the main indicator of global market levels as it is the main 
producer and supplier of most forms of tungsten from intermediates to more processed products, such 
as tungsten carbide and tungsten metal powders. During 2012, overall tungsten and tungsten products 
prices had suffered a decrease between 10% and 20% [13]. 
3.2 Nature of hard materials 
Hard material is a family of ceramic-metal composite materials typically constituted by particles of hard 
carbides in a ductile metallic matrix. This singular phase combination leads to a material with 
outstanding attributes such as high compressive strength and high wear resistance. International 
literature considers cemented carbide and cermets as hard materials which are composed by tungsten 
carbide (WC), titanium carbide (TiC), niobium carbide (NbC), or tantalum carbide (TaC); with a metallic 
phase normally, cobalt (Co), nickel (Ni), iron (Fe), or a combination between them. In hardmetals, 
tungsten carbide phase is significantly the predominant phase, while cermets contain TiC and/or TiCN, 
in different proportions as hard phase [14]. Binder content in cermets is usually higher than in 
hardmetals. Frequently, vanadium carbide (VC) and molybdenum carbide (MoC) are also employed to 
improve some specific properties. In general, TiCN cermets exhibit lower density and cost than 
cemented carbides [15] [16] . 
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During the last decade, hard materials have been developing with partial or total substitution of 
constituents in hard and ductile phases. In this sense, in grades with Ni and Co matrix, the addition of 
alloying elements or compounds such as Cr and Mo could improve processing and properties due to 
wettability changes in the liquid phase [11].  
3.3 Cemented carbide structure 
Tungsten carbide-cobalt (WC-Co) is typical and most common cemented carbide. It is constituted by 
particles of tungsten carbides within a cobalt binder phase as it is shown Figure 2. WC-Co hardmetals 
are processed on the basis of “powder metallurgy” technology, and WC-Co is considered as a pseudo-
binary section in a three component system W, C and Co. Additionally other phases may exist. For 
instance, graphite is presented when carbon contents is high and ߟ-phase ((ConWn)6C or (ConWn)12C) if 
carbon content is low [17]. 
 
 
 
(a)  (b) 
Figure 2 SEM micrograph of WC-Co hardmetal microstructure (a) Particles of tungsten carbides within a 
binder phase, and (b) Magnification showing binder phase. 
3.3.1 Carbide phase 
Hard phase represents between 65%-97% (volume) of the composite material. WC is highly anisotropic 
with hexagonal close packed (hcp) structure and exhibits three types of facets: two prismatics {1010} 
and one basal {0001}. WC basically grows on the prismatic and basal surfaces, leading to faceting of the 
grains. Besides, WC grains experiment a tendency to form truncated corners, which originate from an 
energetic difference between the two prismatic WC/Co interfaces. Figure 3 presents a scheme of WC 
grain shape [18]. 
Co 
WC 
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Figure 3 Schematic WC grain shape in Co binder [18]. 
 
Composition of WC grains tends to be constant, stoichiometric, and homogeneous [1]. Furthermore, 
there is one cubic subcarbide γ-WC1−x and two hexagonal carbides: monocarbide δ-WC and the 
subcarbide β-W2C. Nevertheless, more than 98% of WC existing in cemented carbide is monocarbide δ-
WC [16]. However, there are additional refractories carbides which are added to improve their 
performance. Moreover, cemented carbides with more than one carbide, particularity TiC, TaC, NbC, 
MoC and WC, exhibit superior mechanical properties than the individual carbides [9]. Table 1 highlights 
some important interstitial carbides used in this sort of hard materials. 
Table 1 Carbides employed in hardmetals according to Periodic Table classification [16] 
Group IVB Group VB Group VIB 
TiC V2C, V4C3, V6C5, V8C7, VC Cr23C6 , Cr7C3, Cr3C2 
ZrC Nb2C, Nb3C2, Nb4C, NbC Mo2C, Mo3C2, MoC 
HfC Ta2C, Ta3C2, Ta4C3, NbC W2C, WC 
 
3.3.2 Binder phase 
Despite of its relative expensive price, cobalt has been the traditional choice as binder phase. Actually, 
industry employs cobalt to fabricate around 90% of the used cemented carbide. From a microstructural 
point of view, cobalt exhibits hexagonal close-packed (hcp) structure at room temperature, and an 
allotropic transformation to face center cubic (fcc) is observed near 420⁰C [16].  
Cemented carbides with partial or total substitution of the traditional cobalt binder by others like: W-C-Fe, 
W-C-Ni, W-C-Fe-Ni, W-C-Co-Fe-Ni, W-C-Fe-Al, W-C-Cr, W-C-Cr-Fe have also been employed to obtain 
hardmetals for specific industrial applications. Furthermore, nickel and iron aluminides are also being 
investigated as binder phase in corrosive environments and high-temperature applications [9]. 
{0001} 
{0110} {1010} 
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Knowledge of the physical metallurgy associate with the cobalt binder is therefore extremely useful in 
order to understand interaction between their components. Phase diagrams studies conducted to 
comprehend cobalt as binder in cemented carbides, are commonly conducted by using Co-W-C alloys. 
Further, precipitation and solubility reactions influence final composition. In this sense, the amount of 
tungsten in solution into binder varies with total carbon content of the hardmetal. Moreover, solubility of 
tungsten in cobalt increases with decreasing carbon content [9]. Both carbon and tungsten stabilize fcc 
phase by reducing martensitic transformation temperature, but carbon displays a more effective action 
than tungsten [1].  
3.4 Cemented carbide classification 
Due to wide variety of structure there is not an exclusive and rigorous criterion to classify cemented 
carbides. One viewpoint is the application field. Thus, Sandvik Hard Materials Company [19], for 
instance, has mainly four commercial hardmetals grades. Figure 4 sums up their main characteristics. 
 
Figure 4 Cemented carbide grades developed by Sandvik Hard Materials [19]. 
 
Another classification approach is based on grain size. In Figure 5 it is possible to appreciate size 
arrangement employed by Sandvik Hard Materials as a function of binder content, and some main 
applications. 
  
• Only two phases (WC, Co) and other trase 
elements.WC-Co
• Cobalt usually alloyed with nickel, chromium, 
aluminum or repleaced by other alloy.Corrosion Resistant
• Binder phase contains different 
microstructural zones (between surface and 
bulk)
Dual Property
• Tree phase: WC, Co and (Ti, Ta, Nb)C
Cubic carbides
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Nano Ultrafine Submicron Fine Medium Medium coarse Coarse 
Extra 
coarse 
<0.2 µm 0.2-0.5 µm 0.5-0.9 µm 1.0-1.3 µm 1.4-2.0 µm 2.1-3.4 µm 3.5-5.0 µm >5.0 µm 
        
 Binder content: 3 wt.% - wt.10%  
 Cutting tools for metallic and nonmetallic 
machining: grain size below 1 µm. 
 Binder content: 6 wt.% - 
30wt.% 
 Wear parts and cutting tools: 
grain size between 1-3 µm 
 Binder content: 6wt.%-15wt.% 
 Mining, Gas-Oil application: grain size 
above 3 µm 
Figure 5 Types of cemented carbides, according to length scale of the hard phase, developed by Sandvik 
Hard Materials [19]. 
3.5 Characterization of WC-Co hardmetals 
Materials characterization implies assessment of the relation away structure, properties, processing and 
performance. In this research, it is limited to correlations between microstructural parameters and 
mechanical behavior. 
3.5.1 Microstructural parameters 
In order to describe the microstructure of cemented carbide, some parameters need to be defined. 
However, it has to keep in mind that these parameters are not independent variables and effective 
microstructural evaluation involves the contributions of all of them. 
3.5.1.1 Mean grain size 
Mean grain size ( WCd ) is a statistical concept which refers to a size distribution of tungsten carbides in 
the hardmetal. Therefore, it is considered as the average value of the size of all the carbides in the 
composite material. The variability associated with the distribution is an interesting parameter to take into 
account, because it permits to evaluate grain size dispersion of the cemented carbides. Additionally, 
mean grain size is essentially influenced by carbide powder size distribution as well as by the milling 
conditions. Furthermore, its variability is affected also by sinterization process. Consequently, when 
discontinuous grain growth occurs, the size distribution widens. 
Mean grain size is usually measured by the linear interception (LI), also called Heyn method, or in terms 
of the equivalent circle diameter ECD (Jeffries method). Both LI and ECD describe similar tendencies 
but their measures provide different values [2]. 
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In general, high carbon contents promote growth of tungsten carbides grains [16]. One possible 
solution for this problem is the addition of grain-growth inhibitors, such as chromium carbide (Cr3C) and 
vanadium carbide (VC) [9]. 
3.5.1.2 Volume fraction 
Volume fraction (V) permits to specify cemented carbide composition, in terms of relative weight or 
volume of each of the phases. It may be semi-quantitatively determined using Energy-dispersive X-ray 
spectroscopy (EDS). 
3.5.1.3 Contiguity 
It is defined as the fraction of interface area of hard phase that is shared by particles of the same phase. 
[1]. Contiguity (C) is described by the following equation: 
Co/WCWC/WC
WC/WC
NN2
N2C

     (Eq. 1) 
where WC/WCN and Co/WCN  represent number of WC/WC and WC/Co interfaces respectively, obtained 
by a line intercept technique on micrographs. 
3.5.1.4 Mean free path 
Mean free path (  ) is an important quantitative parameter which relates size distributions of WC and 
Co. These distributions have important effects in mechanical properties. In the case of WC-Co 
hardmetals, cobalt mean free path ( Co ) is represented by the following mathematic expression [1]: 
WC
WC
Co
Co dV
V
C1
1

      (Eq. 2) 
 
3.5.2 Mechanical behavior 
The combination of variable quantities of the constituent phases, carbides of different sizes and different 
chemical composition metallic binders, provide to these materials a wide range of mechanical properties 
values [14]. Main mechanical parameters are usually covered and/or based by the following standards 
[20]: 
 
Fatigue behavior and associated binder deformation mechanisms in WC-Co cemented carbides     Pag. 15
  
 
 Hardness 
o Vickers: ISO 3878 
o Rockwell A: ISO 3738, points 1 and 2; ASTM 3294 
 Abrasion 
o ASTM B611 
 Bend 
o Three-point bending, rectangular test-pieces: EN 843-1, ISO 3327, ASTM B406, JIS 026-
1983. 
o Four-point bending, rectangular test-pieces: ASTM B09.06, JIS 026-1983 
 Fracture Toughness 
o ASTM E399 
 Stiffness (Young’s modulus) 
o EN 23312 
Table 2 shows a summary of some important mechanical properties for cemented carbides. 
Table 2 Average values of main mechanical properties for WC-Co [21] [20] 
Young’s modulus 
(GPa) 
Poisson’s 
ratio 
Compressive strength 
(MPa) 
Hardness 
(HV 50) 
Fracture toughness  
(MPa m1/2) 
400 – 650 0.20 – 0.25 3000 – 9000 750 – 2200 5 – 30 
In general, WC-Co hardmetals exhibit higher stiffness than Al2O3, stellites, cast iron and steels. 
Additionally, Young’s modulus decreases linearly with increasing binder content. Compressive strength 
and hardness also decrease with cobalt content but their dependences are not linear. 
 
3.6 Fracture behavior of WC-Co hardmetals 
Linear Elastic Fracture Mechanics (LEFM) allows to understand phenomenological aspects of 
hardmetals’s fracture. It is based on the ideas originally proposed by Griffith and completed in its 
essential form by Irwin and Orowan. Thus, LEFM is an important tool to predict, study and measure the 
resistance of a material to fracture [22]. Fracture process depends on a variety of factors such as: 
temperature, environment, loading rate etc. Nevertheless, fracture toughness is a critically important 
fracture mechanics parameter used to design and manufacture products for reliable and safe operation 
[14]. 
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Out of the three crack opening modes, Mode I is typically more critical from the design standpoint. 
Therefore, Mode I stress intensity factor may be defined as the resistance to propagation of a pre-crack 
of known size. It has been shown that for any cracked configuration, effective tension (σ) is function of 
crack tip angle of curvature )( , stress intensity factor ( IK ) and crack size (r). Thus, stress field σ ),r(  , 
in the vicinity of an infinitely sharp crack tip, may be written according to the following expression [22] 
[14]: 
)(f
r2
K
ij
I
ij 

       (Eq. 3) 
Consequently, for plane strain in Mode I and considering different geometrical conditions of samples, 
stress intensity factor is rewritten as [14]: 
aYKI        (Eq. 4) 
where Y is an adimensional geometrical parameter, σ is the applied normal stress to the crack surface 
and a is the crack length.  Figure 6 shows variation of normal stress to crack plane in Mode I. It is 
important to remind that the plastic zone should be kept small as compared to the other dimensions of 
the sample, in order to satisfy LEFM assumptions. 
 
Figure 6 Normal stress to crack plane in Mode I [22]. 
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The intrinsic fracture toughness of a material could be expressed as a function of the critical value of the 
stress intensity factor ( IcK ), at which crack instability occurs.  
Fracture toughness may be measured using several methods, even though at present there are not 
specific standards for hardmetals toughness determination. Palmqvist method is often employed to 
determinate it. This is especially true for ceramics materials because cracks exhibit good extension 
beyond any local plastic disturbance around of the indentation. Nevertheless, Palmqvist method is not a 
reliable technique for hardmetals with mean and high toughness because cracks are overly small, and 
they are considered to be confined within the zone of plastic disturbance [2]. 
Fracture toughness is usually assessed employing four test techniques i.e. single edge notched beam 
(SENB), single edge V-notched beam (SEVNB), surface crack in flexure (SCF) and indentation 
microfracture (IM). However, for WC-10%wt Co hardmetals, SENB and SCF are found to yield reliable 
fracture toughness measurements [23]. Figure 7 presents variation of fracture toughness as a function of 
cobalt binder for different grain sizes in WC-Co hardmetals. 
 
Figure 7 Fracture toughness as function of binder contain for different grain sizes [19]. 
3.6.1 Fracture mechanisms of WC-Co hardmetals 
Fracture process of WC-Co hardmetals is influenced by microstructural effects related to both binder and 
carbide phases. However, the dominant contribution to the fracture resistance of these alloys is done by 
binder phase [5]. Within this context, an interesting point of view to understand fracture mechanism is to 
consider the formation and development of a ductile multiligaments area behind the crack tip. The 
fracture toughness of these materials is directly related to the energy absorbed by such ligaments during 
plastic deformation, which is limited by the constraints imposed by neighboring hard and rigid carbides 
[14]. 
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3.6.1.1 Deformation and fracture of WC phase 
Structure of WC is a hexagonal unit cell with lattice constants: a = 0.2906 Å and c = 0.2837 Å. 
Furthermore, WC grains formed sintered exhibit ability to accommodate plastic deformation without the 
occurrence of brittle fracture. Carbide phase is characterized frequently by microcracking as well as slip 
or plastic deformation [1]. 
Transmission electron microscopy (TEM) studies have permitted to understand deformation of WC in 
terms of dislocation structures. Compression studies [1] showed that although the number of grains 
containing partial dislocations increased with growing plastic strain, most grains had deformed by a 
traditional dislocation multiplication mechanism involving glissile undissociated defects. Mingard et al. [4] 
observed stable crack propagation during fracture in samples of 11 wt. % Co, 5 µm mean WC grain size 
hardmetals in a tensile crack opening mode. In this case, failure is produced principally by transgranular 
fracture of the carbide phase. Nonetheless on planes {1010} there exists a tendency to appear 
intergranular fracture paths and there is also a significant plastic deformation close to these planes. 
As a summary, there is not a unified approach regarding to precise nature and number of slip systems 
available for deformation, and further studies are still necessary to evaluate WC phase deformation. 
3.6.1.2 Deformation and fracture of binder phase 
In sintered WC-Co hardmetals, binder phase (Co-W-C) has a cubic lattice which is stabilized by the 
presence of dissolved tungsten and carbon [16]. During fracture process, the binder phase exhibits 
plastic deformation and the martensitic transformation from face center cubic form (α-Co) to closed 
packed hexagonal form (ε-Co) is one of the deformation mechanisms. However, it is not yet clear if it is 
the dominating mechanism during fracture and fatigue of cemented carbides. According to Upadhyaya 
[16] the free energy change associated with allotropic modification (αε) is approximately 360 J/mol.  
Characterization of the cobalt binder deformation requires understanding the propagation and interaction 
of partial dislocations and how they are affected by composition, applied stress and strain rate. In this 
sense Roebuck et al. [1] observed that fcc to hcp martensitic transformation is enabled by the movement 
of 112
6
1  partial dislocations. In addition, stacking faults are found in binder phase regions which are 
frequently associated with the hcp phase.  
The binder regions in WC-Co cemented carbides are small, and the constraint imposed by the 
surrounding WC grains is expected to be an important parameter influencing the strength and ductility of 
the binder phase.  
Regarding unstable fracture of WC-Co hardmetals, Erling et al. [6] reported that cobalt phase undergoes 
plastic deformation with the mentioned allotropic transformation. This fracture exhibits special 
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microscopic features in terms of “dimples” and “ridges” on account of their geometry. Moreover, in stable 
fracture the hcp/fcc ratio rises with increasing applied stress [6]. Similarly, metallurgical studies of bulk 
Co-W-C alloys show that both tungsten and carbon increase the flow stress of cobalt. Besides, 
deformation of these alloys, containing high tungsten contents, may induce precipitation reactions, 
principally of WCo3. Additionally, these precipitations products often increase flow stress at the time that 
ductility is decreased [1]. 
On the other hand, proposal of fracture toughness models has involved accounting of several 
parameters. Also, considerable effort has been put to understand fracture mechanism in binder phase. 
Nevertheless, the majority of proposed models take similar assumptions. Sigl et al. [24] considered that 
the crack tip region consists of ductile ligaments bridging the crack faces; i.e., crack progresses 
continuously into the binder phase, and circumvents the ductile regions leaving ligaments bridging the 
crack faces. Those ligaments then support stress solicitations across the crack faces. Therefore, crack 
tip exact position is not sharply defined. In addition, scanning electron microscopy (SEM) analysis revel 
that crack tip zone is a multiligament region and consist of 2 - 4 ligaments located in the crack 
propagation direction [25]. However, its appearance is influenced predominantly by the microstructure 
structures. Schematic multiligaments region is presented in Figure 8. 
 
Figure 8 Schematic representation of multiligament region in crack tip [26]. 
 
Several microscopic analyses in the crack tip have shown the existence of plasticity deformation in the 
binder phase regions next to the crack. On the other hand, binder regions which are not in the direct 
crack path, exhibit flat and smooth surfaces [26]. 
Sigl et al. [24] estimated that within cracks of WC-Co hardmetals, plastic deformation is limited to the 
binder ligaments, and they proposed that the plastic deformation of the ductile ligaments never exceeds 
the mean free path of the binder phase. Even so, other authors have found, by means of Electron 
Backscatter Diffraction (EBSD) analysis, signs of plasticity which are observed up to several times the 
binder mean free path [4]. Additionally, multiligaments are strongly constrained due to the plane strain at 
the crack tip, and because of adjacent carbide skeleton. Consequently, there exists a volume variation 
around the crack which is compensated within the binder by voids formation in order to keep constant 
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volume. Moreover, voids growth perpendicular to external stress, but at the same time it is restricted by 
carbide/binder interface or by lateral coalescence of growing voids. Finally, ligaments are totally 
broken at the time that all voids coalesce. It leads to deep and widely-spaced dimples features. Figure 9 
schematizes crack propagation in the multiligament region. 
 
Figure 9 Schematic representation of crack propagation sequence in the multiligament region [24]. 
According to Sigl et al. [27], finite element studies confirmed the model described above. As the crack 
advances, a stable state zone is formed in which the crack ligaments go through all stages of stretching 
up to final failure [27]. Different zones during fracture behavior are summed up in Figure 10. 
 
Figure 10 Schematic representation of crack tip region in WC-Co [27]. 
3.6.2 Fracture paths 
Experimental studies have described four possible paths of fracture in WC-Co hardmetals [4] (see 
Figure 11). Hence, fracture process may take one or more of the following paths at the same time.  
 Through the binder (B), Figure 11a 
 Near the binder/carbide interface (B/C), Figure 11b 
 Along the carbide grains  boundaries (C/C), Figure 11c 
 Transgranular in the carbide (C), Figure 11d 
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Moreover, it is important to notice that B/C path is not localized in binder/carbide interface itself, but it is 
rather produced within the binder close to the carbides [4]. As a result, there is an important contribution 
of B/C fracture path to the fracture energy. Both, B and B/C paths exhibit dimples features; however, 
fracture through binder phase is characterized by a process with the major energy consumption. 
Additionally, B/C path is accompanied by microplasticity. However, due to the impediment of  the 
nearby carbides, voids at the interface are small compared to those formed in the bulk of a ligament.  
    
(a) (b) (c) (d) 
Figure 11 Fracture paths representation. (a) Through the binder phase, (b) Carbide-binder interface, (c) 
Between two carbide grains, and (d) Through a carbide grain. 
3.7 Fatigue behavior of WC-Co hardmetals 
When a material is subjected to fatigue conditions, its resistance is influenced by the grade of 
homogeneity. Hence, fatigue process is affected by microstructural factors, which may act as crack 
nucleation sites. These important issues in microstructure-fatigue relationships are: 
 Specimen geometry: acute shapes are usually sites of stress concentration; therefore smooth 
surfaces increase time to nucleation [28]. 
 Material defects: voids or any flaw within the material may reduce the stress and/or strain 
required to nucleate cracks. 
 Dislocation characteristics: depending on material nature, dislocation glide may be confined to 
specific slip planes; then, dislocations can pile-up at any grain boundary or phase boundary. 
Indeed, the head of a dislocation pile-up is considered as a stress concentration. 
Combinations of these factors induce crack nucleation or early crack growth process within the material. 
As a result, there is stress intensification at crack tip which lead to the propagation of the nucleated 
crack. Simultaneously, within the fatigue crack propagation the role of mathematical and statistical 
models is crucial, owing to the complexity of the fatigue phenomenon. Furthermore, reliable failure 
prediction, engineering design and risk analysis in fatigue are not possible without the support of 
statistical models [29]. The study of fatigue characteristics under cyclic loading have been widely 
Pag. 22  Memory 
developed with the plot of stress (S) against number of cyclic to failure (N), which is known as S-N 
curves. Moreover, several models have been proposed for the S-N curve i.e. Wöhler (1870), Basquin 
(1910), Strohmeyer (1914), Palmgren (1924), Weibull (1949), Stüssi (1955). The first of them is the one 
with the widest scope of use [29] [28].  
As it may be seen in Figure 12, an important characteristic of Wöhler curves is the fatigue limit, which is 
an important parameter to characterize lifetime of the material. Additionally, S-N curves permit to 
distinguish tree regions: Regime I represents the area of low cycle fatigue (LCF), and the material is 
often subjected to plastic deformations. Regime II denotes the area of high cycle fatigue (HCF), and 
Regime III is known as the safety zone under low constraint [30]. 
 
Figure 12 Scheme of a general Wöhler curve with its main region [30]. 
The data to determinate S-N curves is obtained by testing specimens until failure. In addition, the 
process to obtain complete S-N curves usually consumes numerous samples and requires significant 
testing time. At the same time, experimental analyses of fatigue behavior exhibit scatter of their results. 
This scatter is considered as a physical fact of fatigue phenomenon. Moreover, nature scatter of fatigue 
test results may be attributed normally to the combination of the following causes [29]:  
 Preparation of the specimen for testing: setting operations such as turning, milling, grinding 
polishing. Thus, results cannot be rigorously reproduced on other identical specimens from all 
the same samples. 
 Internal causes: those within the material like inclusions and structure heterogeneities.  
 External causes: the uncertainty of the setting within the test machines and surroundings 
influence. 
In the same way, crack growth per load cycle (da/dN), as a function of the stress intensity factor range (∆ܭ) for a given component geometry, permits to predict the fatigue life in the propagation stage [14]. 
Experimentally, it is found that propagation rates depend on the amplitude of the applied stress, Δσ and 
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of the crack length a. Equation 5 is known as Paris-Erdogan equation and it relates crack growth per 
load cycle with stress variation in terms of stress intensity factor. 
mKC
dN
da
       (Eq. 5) 
C and m are constants which are function of temperature, microstructural features, working frequencies, 
environmental conditions and stress ratio. Figure 13 shows schematic diagram of three regimes of 
fatigue crack propagation. Paris regime in WC-Co hardmetals usually exhibit high m values i.e. finite 
pronounced slopes [8].  
 
Figure 13 Schematic diagram of fatigue crack propagation regimes (logarithmic scales) [14]. 
Regime I, which is known as non-continuum crack growth behavior, generally presents large influence of 
microstructure, mean stress and environmental agents. Regime II is called Paris regime and it exhibits a 
transition from small to large influence of microstructure, environment, mean stress and frequency. 
Finally, Regime III is considered as “static mode” behavior with strong influence of microstructure, and 
mean stress, but little environmental effect. 
Attempting to rationalize microstructural effects, it has been proposed a power-law characterization 
which involves a modified Paris-type equation. Thus, the contribution of maxK  and K are 
simultaneously considered with the following expression [31]: 
   qgmax KKBdN
da
      (Eq. 6) 
On the other hand, long-life tests are often useful to determinate fatigue parameters such as fatigue limit. 
These methods may be classified according to amplitude conditions as it is shown in the Figure 14. 
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Figure 14 Long-life test for fatigue resistance evaluation [32]. 
 
In order to obtain mean value of the fatigue strength, staircase method is recommended [32], especially 
if the main interest is limited to obtain the fatigue strength corresponding to a given “infinite lifetime”. Test 
methods for determining the stress-life response are described in detail in ASTM Standards E466-E468 
[31] . The process of this method consists on starting the test at a stress level which is equal to an 
estimated mean fatigue strength value. Then, if failure takes place prior to the preassigned cycle life, the 
next sample is tested at lower level. Afterwards, if the specimen does not fail within the preassigned 
cycle number, the next test is run at a higher level. The test continues according to the stress level of 
each succeeding test, being raised or lowered depending on the preceding result [32]. Figure 15 shows 
graphically the staircase method. 
 
Figure 15 Staircase method for fatigue limit determination. 
In addition, fatigue limit ( f ) for hardmetals may be estimated assuming that: 1) there is similarity in the 
fatigue behavior of large and small cracks in WC-Co hardmetals, and 2) critical defects under monotonic 
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and cyclic loading are the same in terms of nature, size and geometry. Such correlation may be 
expressed by: 
R
Ic
th
f K
K
       (Eq. 7) 
3.7.1 Fatigue crack growth and fractographic features of WC-Co hardmetals 
The evaluation of fatigue crack growth behavior of WC-Co hardmetals is an essential aspect in design 
and performance of tools and components made of this alloy. Literature surveys focused in this topic 
established that, from a microstructure point of view, subcritical growth of preexisting flaws is the 
controlling stage in the fatigue failure of WC-Co [8]. 
Within the above context, fracture toughness and fatigue crack growth resistance of WC-Co hardmetals 
exhibit a sensible dependence on carbide grain size and binder content. In this regard, fracture 
toughness of these materials rises with increasing mean binder free path. 
While there have been extensive studies of the influence of microstructure and fatigue test parameters 
on the fatigue crack growth behavior of WC-Co hardmetals, the sets of conditions evaluated in these 
studies are limited. However, it has been reported an important dependence of fatigue crack growth 
rates with the stress intensity factor range. Moreover, fatigue crack growth is found to be strongly 
dependent upon the applied Kmax. However, this effect has less impact as mean binder free path 
increases, due to the low ductility of the binder phase resulting from deformation constraints imposed by 
WC surrounding particles [33] [8].  
In the same way, it has been found that fatigue crack growth takes place at Kmax levels significantly 
below that corresponding to fracture toughness. Similarly, fatigue sensitivity of WC-Co hardmetals is 
found to be a function of carbide contiguity and binder content. In this regard, mean free path increase 
favors transition from ceramic-like to metallic-like fatigue crack growth behavior [8]. Particularly for the 
binder phase, Mingard et al. [4] proposed that during fatigue crack growth process, plastic deformation of 
cobalt is over several times the mean free path of the binder phase. Nevertheless, other authors have 
observed that this deformation is confined to distances less than the mean free path [34]. 
In general, fatigue behavior of hardmetals differs with binder chemical composition and phase 
proportion. In addition, establishing accurate predictions for fatigue resistance implies to analyze 
interactions in the crack tip during ligament formation throughout subcritical crack growth. Schleinkofer et 
al. [7] showed in their study that fatigue effects in hardmetals and cermets are caused by subcritical 
crack growth, mainly in binder phase. These authors also stated that higher accumulated deformation 
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and high stress during cycle loads produce allotropic transformation of cobalt from fcc to hcp. Moreover, 
several finite element models of stable crack propagation have been developed in order to achieve 
prediction about the material behavior under cyclic loads [35]. 
Published literature indicates that during stable fracture process under cyclic loadings, the crack in the 
binder phase appears to follow crystallographic planes. Features induced are described as “step like” 
geometries. Simultaneously, these steps are formed by combination of cleavage cracks within binder [6].  
Allotropic transformation from fcc to hcp implies the formation of hcp lamellae along (111) planes of the 
prevalently fcc cobalt. Fracture occurs along these planes when there is a change in volume along the 
fcc/hcp interfaces. This is produced because α-Co density is higher than density of ε-Co.  Additionally, it 
has been found that hcp/fcc ratio growths with increasing number of cycles [6]. 
 
3.8 Microstructural characterization techniques 
Nowadays, there exist numerous advance techniques to analyze hard materials in detail such as: Atomic 
Force Microscopy (AFM), Field Emission Scanning Electron Microscopy (FE-SEM), Focused Ion Beam 
(FIB), Electron Backscatter Diffraction (EBSD), X-Ray Photoelectron Spectroscopy (XPS), etc. A 
coherent combination among them provides reliable and accurate information of microstructure 
features. The present work has sought to build on their approaches by the application of the following 
microstructural characterization techniques. 
3.8.1 Atomic Force Microscopy (AFM) 
The atomic force microscopy (AFM) measures forces between a sharp probe (<10 nm) and surface at 
very short distance, 0.2 nm - 10 nm probe-sample separation, providing a 3D profile of the surface of the 
sample even at nano-length scale. A flexible cantilever supports the probe and the AFM tip touches the 
sample surface and simultaneously registers the force between the probe and the surface [36]. 
The movement of the probe is typically measured by a “beam bounce” method.  A semiconductor diode 
laser is bounced off the back of the cantilever against a position sensitive photodiode detector. This 
detector measures the bending of the cantilever resulting from the tip scanning over the sample. The 
measured cantilever deflections are used to generate a map of the surface topography [37]. A simplified 
scheme of AFM equipment is presented in Figure 16. 
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Figure 16 Basic scheme of Atomic Force microscope [36]. 
 
The atomic force microscope has normally tree operation modes as following [36]: 
 Contact mode: the probe predominantly experiences repulsive Van der Waals forces. The tip 
touches the surface and the separation between probe and surface is less than 0.5 nm. 
 Tapping mode: the tip zooms in and out, around 0.5 nm - 2 nm is the probe-surface separation.  
 Non-contact mode: probe-surface separation is around 0.1 nm - 10 nm. 
3.8.2 Scanning Electron Microscopy (SEM) 
The scanning electron microscope (SEM) uses a focused beam of high-energy electrons to generate a 
variety of signals at the surface of solid specimens. The image is formed in an SEM by scanning an 
electron beam across a sample and collecting the signals that derive from electron-sample interactions. 
These interactions reveal important microstructural features such as: texture, chemical composition, 
crystalline structure and orientation of materials. SEM is also capable of performing analyses of selected 
point locations on the sample. This approach is especially useful in qualitatively or semi-quantitatively 
determining chemical compositions, crystalline structure, and crystal orientations [38]. Interaction 
between sample and incident electrons produces different signals. These signals include: secondary 
electrons, backscattered electrons, diffracted backscattered electrons, photons, visible light and heat. 
Furthermore, morphology and topography characteristics are obtained by secondary electrons [38]. 
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In standard electron microscopes, electrons are mostly generated by “heating” a tungsten filament 
(electron gun). They are also produced by a special crystal which results in a higher electron density in 
the beam and a better resolution than with the conventional device. Figure 17 exhibits a basic structure 
of this equipment [39]. 
 
Figure 17 Scheme of a Scanning Electron Microscope [39]. 
 
3.8.2.1 Field Emission Scanning Electron Microscopy (FE-SEM) 
Field-emission scanning electron microscopy (FE-SEM) is a SEM based technique which employs a 
beam of highly energetic electrons to analyze materials on a very fine scale. The term “field emission” is 
adopted due to the emission of electrons from the surface of a conductor which is generated by a strong 
electric field. For this process, the equipment requires an extreme vacuum in the column of the 
microscope (around 10-6 Pa). As it is shown in Figure 18, FE-SEM involves an electron emission 
cathode and anodes. The acceleration voltage between these electrodes is commonly in the range of 
0.5 to 30 kV [40]. 
An electron detector perceived the secondary electrons, and the image is created by comparing the 
intensity of secondary electrons to the scanning primary electron beam [41]. FE-SEM provides 
topographical and elemental information at high magnifications. Compared with SEM, FE-SEM produces 
clearer and less electrostatically distorted images [42]. Therefore, this technique is a very useful tool for 
high resolution surface imaging. 
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Figure 18 Field emission scanning electron microscope scheme [41]. 
Owing to the fact that electron beam generated by the field emission source is about 1000 times smaller 
than in a standard microscope, the quality of the image is significantly improved, e.g. resolution is on the 
order of ~2 nm at 1 keV and ~1 nm at 15 keV.  
 
3.8.2.2 Electron Backscatter Diffraction (EBSD) 
Electron backscatter diffraction (EBSD), also known as backscatter Kikuchi diffraction (BKD), is an 
important SEM based microstructural-crystallographic technique to evaluate phases and crystallographic 
orientations [43]. In EBSD technique, accelerated electrons in the primary beam of a SEM can be 
diffracted by atomic layers in crystalline materials. These diffracted electrons can be detected and 
generate visible electron backscatter patterns, also called Kikuchi bands. Moreover, identified patterns 
are considered as geometric projections of the lattice planes in the crystal [44]. 
As it is shown in Figure 19, the sample is placed in the SEM and tilted at 70⁰ relative to normal incidence 
of the electron beam. The detector is essentially a camera equipped with a phosphor screen 
incorporated with a digital frame grabber [44]. 
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Figure 19 Basic scheme of Electron Backscatter Difraction equipment [44]. 
Information produced from electron backscatter patterns is evaluated using a crystallographic data base 
combined with specific software for indexing the lines. Thus, it is possible to identify for instances 
phases, size and relative location of grain boundaries, grains and even polycrystalline aggregates [44]. 
Several practical considerations such as spatial resolution, data acquisition speed and angular precision 
should be taken into account in EBSD evaluations. In addition, specimen nature and non-indexed data 
points present some important facts to be considered [45]: 
 Specimen:  
o Backscattered electron signal increases with atomic number of material; therefore, quality of 
diffraction will be improved with samples of high atomic number. 
o Defects like dislocations may cause the pattern to lose sharpness, but unless this is severe, 
the pattern will still be susceptible to be analyzed. 
o Patterns for indexing are obtained of electrons from the top at 10 nm – 20 nm of the surface. 
Thus, both flat and highly polished surfaces are required and in some cases electropolishing 
process is required too. For WC-Co hardmetals, high-level polishing is possible with 
conventional metallographic mechanical means. However, this is frequently at the expense 
of over-removal of the soft cobalt binder, leading to edge rounding of the WC and shadowing 
or on-indexing of the binder phase [34]. 
 Non-indexed data points:  
o All collected points of diffraction pattern do not necessarily produce data, because the 
pattern quality may be deficient. Additionally, the software used to process data may not be 
able to distinguish between overlapping patterns at grain, subgrain or phase boundaries.  
o Undistinguished points are considered as non-indexed ones which may be “repaired” by 
assigning the orientation of a neighboring point to the non-indexed one.  
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Reliable and accurate measurements in EBSD analysis depends on the sample characteristics, analysis 
conditions and modes of data acquisition. Furthermore, consideration must be given to step size (ߜ), 
because greatest accuracy is obtained with small pixel step size: as ߜ is decreasing, less missing 
indexed points are attained [45].  
Data Measurement  
Coherent diffraction produced during the analysis usually solves electron backscatter patterns. In 
consequence, XY position, orientation, goodness of fit, pattern quality and other values may be 
recorded. Some crystallographic parameters used to characterize a given phase are: crystallographic 
indices of Bragg-diffracting lattice planes (hkl), lattice plane spacing (dhkl), normal vector of lattice planes 
(nhkl), intensity of lattice planes (Ihkl) and interplanar angles between lattice planes (ni, nj) [46]. 
Additionally, orientation is recorded using the Euler angle convention, which describes a minimum set of 
rotations that may bring one orientation into coincidence with another. During a measurement, this is 
considered as the relationship between the electron backscatter patterns detector and the specific point 
on the sample being measured under the beam [46]. The three Euler (߮ଵ,Φ,߮ଶ) angles represent the 
rotations outlined in Figure 20. 
 
Figure 20 Euler angle rotations according to convention of Bunge [46]. 
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4. EXPERIMETAL PROCEDURE 
4.1 Materials 
The hardmetals used in this investigation were three WC-Co commercial grades namely, CoMM, CoMC 
and CoHM. They were supplied by Sandvik Hard Materials [47] as prismatic bars of rectangular shapes 
with the following dimensions: 45x10x5 mm and 45x4x3 mm. Chemical composition of these samples 
was determined by Energy Dispersive X-ray Spectroscopy (EDS) in previous studies. Corresponding 
data are provided in Table 3. 
 
Table 3 Generic microstructure and chemical composition of studied materials 
Grade Binder content Grain size 
Element content  (wt%) 
W Co C Cr 
CoMM Medium Medium 83.2 10.9 5.44 0.36 
CoMC Medium Coarse 83.9 10.6 5.48 - 
CoHM High Medium 76.5 18.6 5.00 - 
 
In the same way, microstructural characterization and mechanical properties were evaluated previously. 
Experimental values are presented in Tables 4 and 5 respectively. 
 
Table 4 Microstructural characteristics of the hardmetal grades investigated 
Grade Binder content (wt%) 
Mean grain 
size (µm) Contiguity 
Mean free path 
(µm) 
Density 
(g/cm3) 
CoMM 11.4 ± 0.44 1.12 ± 0.71 0.39 ± 0.05 0.44 ± 0.28 14.36* 
CoMC 10.6 ± 0.10 2.45 ± 1.37 0.37 ± 0.03 0.82 ± 0.46 14.54 ± 0.01 
CoHM 18.6 ± 0.48 1.15 ± 0.92 0.38 ± 0.05 0.77 ± 0.63 14.01 ± 0.02 
*variability associated with this value was lower than 0.01  
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Table 5 Mechanical properties of materials studied 
Grade Hardness, HV30 (GPa) 
Young 
modulus 
(Gpa) 
TRS strength 
࣌࢘ (Mpa) 
Weibull 
stress, ࣌૙ 
(Mpa) 
Weibull 
modulus, 
m 
SEPNB Fracture 
toughness, ࡷࡵࢉ  
(MPa m1/2) 
CoMM 12.8 ± 0.1 582 ± 1 3101± 102 3149 36 14.2  ± 0.2 
CoMC 11.4 ± 0.2 595 ± 1 2489 ± 85 2522 35 17.6 ± 0.6 
CoHM 10.5* 537 ± 1 2896 ± 76 2926 44 16.6 ± 0.6 
*variability associated with this value was lower than 0.1  
 
4.2 Assessment of fatigue behavior 
4.2.1 Fatigue crack growth threshold determination 
4.2.1.1 Sample preparation 
Fatigue crack growth threshold ( thK ) was evaluated for the three grades using single edge notched 
beam rectangular samples of dimensions 45x10x5 mm. In doing so, a 3 mm depth notch was 
introduced by means of electron discharge machining (EDM) in six samples per grade. After that, notch 
tip radius was reduced by sharpening the notch root with a blade impregnated with diamond paste. V-
notches were made with tip diameter between 15 µm – 25 µm. 
In order to facilitate subsequent monitoring in crack growth process, the two side faces of every notched 
sample was polished by conventional metallographic methods using in succession 30 µm, 6 µm and 3 
µm diamond polishing suspensions. This process was carried out using a manual Dremel polishing 
machine. The samples were finally cleaned with distilled water and later with ethanol in an ultrasonic 
bath during 10 min. Figures 21 and 22 show prepared sample and magnification of the sharp notch, 
respectively. 
 
Figure 21 Single edge notched beam specimen for fatigue crack propagation. 
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Figure 22 Notch aspect of the specimen used in fatigue crack propagation, notch diameter of ~24 µm. 
4.2.1.2 Fatigue crack growth process 
The fatigue crack growth process was conducted in a resonant testing machine Rumul (Figure 23) with 
sinusoidal alternating bending loads at room temperature. Testing was conducted under four-point 
bending with inner and outer spans of 20 and 40 mm, respectively. The crack growth was recorded by 
optical microscopy in a confocal scanning laser microscope Olympus OLS3100/OL3000. Crack length 
was assessed by removing the sample from the testing fixture in each step. 
 
  
(a) (b) 
Figure 23 (a) Rumul resonance testing machine (b) Four-point bending fixture. 
 
 Pre-crack growth step 
The first stage consisted on introducing a pre-crack in the sample by inverse four-point bending test 
(edge notched subjected to compressive nominal stress) at a load ratio of R=0.1. In doing so, a stress of 
around 30% the estimated fracture stress was employed. 
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Subsequently, due to the presence of residual stress ahead of the resulting crack, it was important to 
relieve residual stresses induced by pre-cracking process. Thus, the induced pre-crack was propagated 
and arrested at approximately 400-500 µm from the notch tip. Figure 24 describes the configuration for 
pre-crack process. 
 
Figure 24 Configuration for pre-crack growth process. 
 Crack propagation 
Testing process was carried out under four-point bending test and in this case, crack propagation was 
conducted by cycling tensile stresses employing R values of 0.1 and 0.5 at 150 Hz approximately. The 
applied load values (Papl) were increased for each step in around 5. 
Stable crack extension was monitored in situ and fatigue crack growth was subsequently determined 
following a direct-measurement method. Crack growth thresholds, defined at crack growth rates of 10-9 
m/cycle, were attained following an incremental loading sequence steps. Finally, fatigue sensitivity ( f ) 
was calculated in terms of fatigue crack growth threshold and the fracture toughness, according to the 
following expression: 
Ic
th
f K
K1      (Eq. 8) 
Several failed specimens were subjected to fractographic examination under scanning electron 
microscopy (SEM). During SEM inspection, special attention was paid to document binder phase 
morphologies. 
 400-500 µm 
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4.2.2 Fatigue limit determination 
The experimental fatigue limit (“infinite fatigue life”) was performed only for CoMM and CoMC grades. 
This testing was not completed for the CoHM grade, due to the limited amount of CoHM samples at the 
moment. Fatigue limit testing was carried out using rectangular bars of dimensions 45x4x3 mm. The 
edges of tested specimens were first slightly chamfered in order to reduce the presence of stress raisers 
and possible fracture origins. Afterwards, samples were diamond ground and polished to mirror-like 
finish on the surface which was later subjected to the maximum stress in bending. Prepared samples 
were cleaned with distilled water and later with ethanol in an ultrasonic bath during 10 min. 
Ten samples per grade were tested under four-point bending with inner and outer spans of 20 and 40 
mm, respectively. The fatigue limit distribution was determined at 106 cycles, following the staircase or 
up-and-down method, at load ratio R of 0.1 and employing a resonant testing machine Rumul (working 
frequencies of about 125Hz). Maximum stress applied in the first step was determined according to the 
fracture toughness of each grade and FCG threshold. Thus, initial applied stress was around 40% - 50% 
of the fracture strength. Finally, fatigue sensitivity ( f ) was calculated in terms of fatigue limit and the 
fracture stress, employing the following expression: 
R
f
f 1 

        (Eq. 9) 
4.3 Metallographic sample preparation for image characterization 
4.3.1 Cutting 
Characterization of stable crack propagation was carried out using two sections: side face section and 
orthogonal section to the side face plane. For the second case, after transversal cutting the sample was 
subsequently ground until overpass the zone of residual stress. Figure 25 illustrates schemes of cut 
specimens.  
 
Figure 25 Scheme of samples for image characterization. Shaded segments represent (a) side face section, 
and (b) orthogonal section to the side face plane (transversal section). 
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A Struers Miniton cutter machine fitted with a Struers diamond cut-off wheel (Figure 26) was employed in 
all cases at cutting speed of 250 rpm. 
 
Figure 26 Cutting process in a Struers Miniton cutter machine. 
 
4.3.2 Grinding 
Due to the absence of huge superficial irregularities, a fine grinding process with Magnetic discs MD-
System Grinding Discs Struers was suitable enough [48]. In all cases grinding was carried out in a 
semiautomatic Struers RotoPol 31-RotoForce 4 Grinding/Polishing station (Figure 27). Table 6 presents 
the sequential grinding protocol developed in this study. 
 
Figure 27 Semiautomatic Struers RotoPol 31-RotoForce 4 Grinding/Polishing station. 
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Table 6 Grinding process for WC-Co hardmetals 
 
 
 
 
4.3.3 Polishing and Etching 
Because polishing is a critical step previous to microscopy analysis; several tests with different polishing 
procedures were evaluated in order to optimize surface preparation. Furthermore, phenolic resin with 
carbon filler Polyfast-Struers was employed to hot mounting process. In addition, MD-Polishing Cloths 
Struers were used in polishing tests.  
All polishing tests were carried out in a semiautomatic Struers RotoPol 31-RotoForce 4 
Grinding/Polishing station. Polishing procedures involved subsequent diamond polishing suspensions, 
as well as the use of alumina and silica colloidal suspensions. In the case of colloidal silica, it crystallizes 
readily and a film may form on the polished surface of the sample. In order to avoid this problem, flush 
water was used during the last few seconds of polishing to clean the sample surface.  
Test 3, 4 and 5 were developed adding etching process with Murakami’s reagent [49]. This solution was 
prepared by potassium hydroxide, potassium ferricyanide and water in the following proportions: 10g 
KOH, 10g K3Fe(CN)6, 100 ml H2O. According to Vander Voort [49], potassium ferricyanide reacts with 
potassium hydroxide and produces potassium ferrocyanide (K4Fe(CN)6) which acts an oxidizer and 
attacks specifically tungsten carbides. This solution was employed at room temperature and it was 
applied by immersion of the sample. After the etching step, sample was re-polished with colloidal silica 
suspension in order to obtain a flat surface. 
Finally, in all cases, polished samples were cleaned with distilled water and later with ethanol in an 
ultrasonic bath during 15 min. Table 7 summarizes polishing and etching protocols accomplished in 
sample preparation. 
 
  
Middle Time (min) 
Force 
(N) 
Speed 
(rpm) Magnetic disc 
Aqueous 3 
15 150 
MD-Piano 220 (Diamond particle size 60µm) 
Aqueous 4 MD-Piano 600 (Diamond particle size 25µm) 
Aqueous 15 MD-Piano1200 (Diamond particle size 15µm) 
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Table 7 Polishing-etching process tested for WC-Co hardmetals 
 
4.4 Image characterization 
The image characterization conducted in this study involved two aspects. Initially, it was assessed from 
fractographic examination by field emission scanning electron microscopy (FE-SEM) of the failed 
samples produced by fatigue loading cycles. 
Additionally, no failed specimens of fatigue crack growth threshold determination were subjected to 
electron backscatter diffraction (EBSD) analysis. It was focused on CoMC grades because this grade 
exhibited relative higher mean free path than the other samples. Additionally, a roughness study was 
carried out by atomic force microscope (AFM), in order to optimize the polishing procedure for EBSD 
imaging. 
Test Middle Time (min) 
Force 
(N) 
Velocity 
(rpm) Disc 
1 
Lubricant + diamond past - 6 µm 20 
15 150 MD-Nap Lubricant + diamond past - 3 µm 15 Lubricant + diamond past - 1 µm 10 
Lubricant + colloidal alumina suspension - 0.02 µm 5 
2 
Lubricant + diamond past - 6 µm 20 
10 300 MD-Nap Lubricant + diamond past - 3 µm 15 Lubricant + diamond past - 1 µm 10 
Lubricant + colloidal silica suspension - 0.04 µm 5 
3 
Lubricant + diamond past - 6 µm 15 
15 150 MD-Dac Lubricant + diamond past - 3 µm 10 Lubricant + diamond past - 1 µm 5 
Lubricant + colloidal silica suspension - 0.04 µm 3 MD-Chem 
Murakami’s reagent 6 - - - 
Lubricant + colloidal silica suspension - 0.04 µm 2 15 150 MD-Chem 
4 
Lubricant + diamond past - 6 µm 15 
15 150 
MD Allegro 
Lubricant + diamond past - 3 µm 10 MD Largo 
Lubricant + diamond past - 1 µm 10 MD-Dac 
Lubricant + colloidal silica suspension - 0.04 µm 30 MD-Chem 
Murakami’s reagent 6 - - - 
Lubricant + colloidal silica suspension - 0.04 µm 7 15 150 MD-Chem 
5 
Lubricant + diamond past - 6 µm 15 15 
150 
MD Allegro 
Lubricant + diamond past - 3 µm 10 MD Largo 
Lubricant + diamond past - 1 µm 5 10 MD-Dac 
Lubricant + colloidal silica suspension - 0.04 µm 3 10 MD-Chem 
Murakami’s reagent 6 - - - 
Lubricant + colloidal silica suspension - 0.04 µm 2 15 150 MD-Chem 
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4.4.1 Atomic Force Microscopy analysis 
Based on polishing process accomplished in metallographic sample preparation, the surface roughness 
of five CoMC samples was measured by AFM working in tapping mode. AFM technique was used to 
evaluate the effect of the colloidal silica polishing between 5 and 30 minutes and the action of 
Murakami’s solution as etching agent using different etching times (Table 8). 
Testing measurements were carried out in Dimension 3100 Microscope (Bruker). All the images and 
cross section profiles were processed with the WSxM software [50]. 
Table 8 Samples analyzed by AFM 
Specimen Colloidal silica polishing time (min) Etching time (min) 
S1 5 0 
S2 30 0 
S3 30 2 
S4 30 6 
S5 30 8 
 
4.4.2 Electron Backscatter Diffraction analysis 
EBSD studies focused on stable propagated cracks. They were accomplished to characterize crack-
microstructure interactions within the cobalt phase. Such a testing was conducted after completion 
metallographic sample preparation, in order to avoid possible oxidation on free surface of the samples. 
As it is shown in Figure 28, borders between side surfaces sample and holder were covered with a silver 
dissolution to facilitate electron conduction. Subsequently, analysis were carried out on a JEOL 7001F 
scanning electron microscope equipped with a field emission and an orientation imaging microscopy 
(OIM) system developed by TSL. Sample was tilted at 70⁰ relative to normal incidence of the electron 
beam, and EBSD measurements were performed with a step size of 0.03 µm; an acceleration voltage of 
20 KV, beam currents up to 20 nA and working distance of 10 mm. 
 
Figure 28 Sample for EBSD image analysis (transversal section). 
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Automatic analysis software Channel 5 (HKL technology) was used to provide indexing of the 
crystallographic orientation of the tested sample. EBSD processed data are presented through image 
quality (IQ). This is elaborated by expressing the blurredness of each EBSD pattern as a quantity 
varying between 0 and 1. Therefore, available range of grayscale values is normalized to the range of 
image quality values in the IQ maps, so that points with a minimum IQ are shaded black while the 
increased brightness indicates rising IQ [51].  
On the other hand, the type of mapping shown in this study uses also the inverse pole figure notation 
(IPF). These micrographs represent stereographic projections of slip planes using different colors 
corresponding to specific crystallographic orientations [46]. Additionally, phase mapping represented by 
coloured micrographs was employed too, in order to assess possible cobalt allotropic transformation (fcc 
 hcp). 
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5. RESULTS AND DISCUSSION 
5.1 Fatigue behavior 
The fatigue behavior of tested samples was evaluated within linear elastic fracture mechanism (LEFM) 
approach considering the interaction of applied stress, flaw sizes and nature of defects. 
5.1.1 Assessment of fatigue crack growth threshold 
FCG threshold ( thK ) determination involved tracing of the crack growth by optical microscopy. Typical 
example of a crack generated during fatigue crack growth process is shown in Figure 29. 
 
Figure 29  Optical micrograph of crack generated during fatigue crack growth process in CoHC sample. 
 
The attained results from fatigue crack growth testing (crack growth per cycle) permitted to obtain the 
fatigue crack growth threshold. It was calculated on the basis of the trend exhibit by the dependence of 
crack growth rates as a function of maximum stress intensity factor maxK . The corresponding plots for 
CoMC, CoMM and CoHM grades are presented in Figures 30 and 31. 
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(a) (b) 
 
 
(c)  
Figure 30 Fatigue crack growth rate as a function of K  (a) CoMM, (b) CoMC, and (c) CoHM. 
  
(a) (b) 
 
 
(c)  
Figure 31  Fatigue crack growth rate as a function of maxK  (a) CoMM, (b) CoMC, and (c) CoHM. 
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Paris-Erdogan equation constants as well as fatigue crack growth threshold values are presented in 
Table 9. Considering obtained results, it is evident that thK  values are lower than those corresponding 
to fracture toughness. Additionally, thK  values are observed to rise with increasing R. 
Table 9 Summary of the experimental fatigue crack growth data 
Grade 
R=0.1 R=0.5 
C m Kth  (MPa m1/2) Ic
th
K
K1   C m Kth  (MPa m1/2) Ic
th
K
K1  
CoMM 4.62 x 10-20 12.40 7.50 0.47 1.06 x 10-20 12.6 8.60 0.39 
CoMC 1.41 x 10-19 10.67 8.38 0.51 4.01 x 10-19 9.23 10.4 0.46 
CoHM 2.67 x 10-17 8.60 7.61 0.56 1.66 x 10-18 9.20 9.10 0.47 
 
Considering CoMM grade as the reference material, the variation in grain size (CoMMCoMC) and 
binder content (CoMMCoHM) led to increase the fatigue crack growth threshold values. In addition, 
load ratio variation (R=0.1  R=0.5) produced an intensification of this tendency.  
Otherwise, fatigue sensitivity exhibits similar values for the three grades. These results suggest that 
fatigue sensitivity does not exhibit a significantly dependence of binder content and grain size, at least 
with the experimental samples here studied. Additionally, in the tested samples the increase load ratio 
from 0.1 to 0.5 yields lower fatigue sensitivity values. 
The relative predominance of each fracture mechanics parameter was quantified considering 
R1
KKmax 

 and modified Paris-Erdogan equation (Eqn. 6, section 3.7), obtaining the expression: 
qg
maxq )K(B)R1(dN
da 

    (Eq. 10) 
Normalized fatigue crack growth rate as function of Kmax permitted to obtain coefficients g and q which 
are presented in Table 10. 
Table 10 Power-law exponent of fatigue crack growth 
Grade g q q/g 
CoMM 11 3 0.27 
CoMC 6 5 0.83 
CoHM 7 3 0.43 
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Consistent with the power-law parameters, the regression analysis indicates that g and q values are not 
substantially different for CoMC. Even though, CoMM and CoHM grades present different values of 
these parameters. Thus, influence on fatigue crack growth in CoMC is similar between K  and Kmax, 
while the difference in relative dominance of each parameter shows an increment from CoHM to CoMM.  
Attained results in Table 10 corroborate the fact that the difference in relative dominance between q and 
g parameters becoming less pronounced as fracture toughness rises [8]. In concordance with literature 
reports [8] 
g
q  ratio suggests that fatigue sensitivity tendency of CoMC is more metallic-like than the 
other two grades. 
5.1.1.1 Fatigue crack growth fractography 
Discontinuous composite microstructure of WC-Co hardmetals involves a difficult interpretation of the 
definite fracture micromechanisms nature. Nevertheless, examination of fracture surfaces at high 
magnifications often allows evaluating main features of failure behavior.  
In all cases, the fractography analyses in the flexural strength tests showed surface with agglomerate of 
coarse grains and abnormally coarse grains as typical fracture initiation sites. Figure 32 presents 
fractographic example of fracture initiation site in CoMM grade at R=0.1. 
  
(a) (b) 
Figure 32 SEM micrograph of CoMM grade (a) Fracture initiation site in fatigue crack growth, and (b) 
Magnification of region outlined by red box in (a). Yellow line shows aagglomerate of coarse grains. 
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On the other hand, Figure 33 shows deformation micromechanism under fatigue experimented by 
CoMM and CoMC grades. Regarding cobalt binder phase, fractography image exhibits microstructural 
evidence of fatigue crack morphologies, which may be describe mainly as “step-like” features (see red 
arrows). 
 
  
(a) (b) 
 Figure 33 SEM micrograph showing fractographic features associated with stable crack growth of  
(a) CoMM grade, and (b) CoMC grade. 
The fatigue crack surfaces of tested samples appear to follow crystallographic planes since steps are 
nearly parallel. Additionally, it may be consider that fatigue crack growth occurs predominantly by single 
shear in the direction of primary slip system.  
According to Suresh [31] this single steps mechanism leading to a “zig-zag” crack path, is known as 
microscopic stage I of the fatigue crack growth. In agreement with previous works [8], as it may be 
inferred from these results, premature fracture by fatigue crack growth is produced by the intrinsic 
fatigue susceptibility of the constrained cobalt binder phase. 
 
5.1.2 Fatigue limit  
The fatigue limit value for the studied hardmetals was assessed taking into account statistical analysis 
as well as dispersion measurements. The complete staircase testing sequence for CoMM and CoMC 
grades are shown in Figures 34 and 35 respectively.   
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Figure 34  Stair-case fatigue test employed for determining mean fatigue limit for CoMM grade. 
 
 
Figure 35  Stair-case fatigue test employed for determining mean fatigue limit for CoMC grade. 
After statistical analysis of experimental data obtained by staircase method, mean value for the fatigue 
limit was determined. Additionally, predicted values of fatigue limits were calculated by equation 7 
(Section 3.7). Both experimental and observed values together with fatigue sensitivity are presented in 
Table 11. 
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Table 11 Fatigue limit data for studied WC-Co hardmetals 
Grade 
R=0.1 
Predicted fatigue 
limit (MPa) 
Observed fatigue 
limit (MPa) 
Fatigue Sensitivity 
R
f1


  
CoMM 1629 1603 ± 134 0.48 
CoMC 1171 1246 ± 116 0.50 
 
The comparison between predicted and observed fatigue limits suggests that there is no significant 
difference between their values. Moreover, fatigue sensitivity obtained by staircase methodology is quite 
similar to those obtained from the ratios determined from FCG threshold and fracture toughness.  
In accordance with literature reports [8] [33] [52], the FCG threshold – fatigue limit correlation evaluated 
within a LEFM framework permits to predict fatigue limit values directly from the ratio ܭ௧௛/ܭூ௖. Such 
estimation is based on the consideration that the large cracks and small natural flaws exhibit similar FCG 
behavior as well as the subcritical growth of preexisting defects is the dominant stage of fatigue life 
behavior. Thus, FCG threshold can be considered as the effective toughness under cycling loading. 
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5.2 Sample preparation for optimal EBSD analysis 
Because the EBSD diffraction patterns come from the surface layer, polishing quality is an important 
factor to be considered when deciding if this technique can be successfully used to study WC-Co 
hardmetals. Producing polishing sections for identification of individual WC grains entails relative ease. 
However, obtaining a good finish on the small soft regions of cobalt binder involves more difficult 
process. Main reason behind it is hardness difference between WC and Co which leads to irregular 
polishing grades between their phases. 
In order to obtain flat polished surfaces, conventional metallographic mechanical means were carried out 
in test 1 and 2 using very soft clothes for final polishing process. Nevertheless, both test 1 and 2 
produced irregular surface samples with WC protruding phase, because the WC phase is harder than 
Co phase (HV30WC ~ 40 GPa; HV30Co ~ 8 GPa) [2] [53]. Additionally, silica polishing exhibited better 
performance than alumina, because alumina suspension resulted in cobalt selective polishing, while the 
action of negatively charged particles of silicon dioxide produces a slightly etched surface and the 
deformation layer during mechanical polishing is therefore removed. Thus, silica suspension was used 
for the following tests.  
Preferential polishing leads to some shadowing effect in the interphase (WC/Cobalt) because the large 
tilt angle and very small regions of cobalt cannot be imaged by EBSD. As a result, there was necessary 
to use harder polishing cloths in test 3. In addition, Murakami’s reagent was employed to reduce excess 
WC phase followed by short silica polishing times. Polishing process improvement was accomplished in 
test 4 using special metallographic MD-System Consumables Struers (MD-Allegro and MD-Largo) [48], 
and by the etching procedure also mentioned above.  
Sample preparation of WC-Co hardmetals, regarding to polishing/etching process, has been performed 
carefully trying to maintain the same setting operations for all samples tested. However, it must be kept 
in mind that some factors like uncertainty of the setting within the test machines and surroundings 
influences may not reproduce rigorously identical specimens from all the samples. 
5.2.1 AFM analysis 
AFM analysis conducted in this study has been a strategic tool in order to evaluate sample preparation 
process. Considering 3D-image of samples 1 and 2 in Figure 36, the increment in silica polishing time 
decreases the amount of surface scratches. However, the edge effect produced by polishing is 
significantly increased. Similarly, Murakami’s reagent influence is clearly perceptible in Figure 36 
(Samples 3, 4 and 5). At 2 minutes, tungsten carbide phase started to be attacked and thus in S3 the 
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roughness is highly irregular. Subsequently, in S4 WC phase was more homogeneously attacked than 
S3, but S5 suggests the presence of non-attacked zones of tungsten carbides which increase with 
etching time. 
  
 
S1 (silica polishing: 5 min) S2 (silica polishing: 20 min) 
(a) 
   
S3 (etching: 2 min) S4 (etching: 6 min) S5 (etching: 8 min)  
(b)  
Figure 36  AFM-3D images of roughness analysis in CoMC samples  
(a) Silica polishing effect, and (b) Etching time effect. 
 
Figure 37 presents a plot of height as a function of width profile for all the samples observed by AFM. 
Roughness profiles presented in this figure reveal that Murakami’s reagent produces a heterogeneous 
attack of tungsten carbides. Furthermore, overall AFM results suggest that etching has been produced in 
preferential areas of tungsten carbides grains, depending on the crystallographic orientation. As it is 
reported by Haller [54] the various components of the WC phase microstructure i.e. α-phase: WC, ߛ-
phase: mixed carbides (TiC, TaC, NbC, WC), ߟ-phase: Co3W3C(M6C), Co6W6C(M12C) and di-tungsten 
carbide: W2C have different reaction rates with Murakami’s reagent because the difference between 
their crystalline microstructures leading to different hardness values. It has been found that normally α-
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phase requires longer times than the other phases [55]. Considering this criteria, 8 minutes etching using 
Murakami’s reagent probably is not enough to obtain flat surfaces (see S5 in Figure 36b). 
     
S1 S2 S3 S4 S5 
 
(a) 
 
(b) 
Figure 37  AFM topographic surface analysis of CoMC grade tested sample (a) Topography image (10µm2). 
Profiles studies sites are indicated by colored lines, and (b) Roughness profiles. 
 
In addition, root mean square (RMS) averages of the roughness profile are listed in Table 12. 
Roughness data suggests that WC etching occurs mainly after 4 minutes of contact with Murakami’s 
reagent. Nevertheless, this information was considered as a preliminary estimate to the optimization of 
WC etching process. Thus, it was not possible to establish a specific etching speed tendency. In order to 
obtain accurate conclusions, further research will be needed. 
 
 
2.0µm 2.0µm 2.0µm 2.0µm 2.0µm
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Table 12 RMS roughness values for studied topography profiles. 
Sample RMS roughness (nm) 
S1 56,21 
S2 73,29 
S3 72,13 
S4 105,0 
S5 113,2 
Considering the overall information obtained in polishing/etching test and AFM results, it seems to be 
that the increase of silica polishing time permitted to obtain free scratch surfaces. Similarly, 6 minutes 
etching with Murakami’s reagent produced more homogeneous profiles, and consequently less height 
between phases. As a conclusion, test 4 of Table 7 was used as sample preparation process to carry out 
EBSD analysis. 
5.3 EBSD analysis 
Figure 38 displays crack trajectory (see blue arrow) produced during fatigue crack growth testing. In this 
case, it was possible to observe the interaction between crack growth and microstructural parameters. 
Furthermore, examples of fracture paths namely, through the binder (B), near the binder/carbide 
interface (B/C), along the carbide grains boundaries (C/C) and transgranular in the carbide (C), were 
observed in samples micrographs. 
 
 
Figure 38  SEM micrograph of arrested crack in FCG test of CoMC grade showing different crack paths. 
C 
B 
C/C B/C 
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As it had been discussed in section 5.2, etching effect produced irregular surfaces with relatively WC 
phase protruding phase. This behavior can be observed clearly in Figure 39. The obtained surface 
quality did not favor the evaluation of crack-microstructure morphologies in the binder phase because 
EBSD patterns are obtained of electrons from the top surface (around 20 nm). Thus, cobalt indexing 
quantity is considerably lower (maximum values of around 7%). In addition, these irregular surface 
profiles produced deformation effects on carbides edges during polishing process. Deformed edges 
carbides are not at 70⁰ relative to normal incidence of the electron beam; thus, electron backscatter 
patterns from those surfaces are not generated, and software is unable to provide accurate indexing 
information, generating subsequent distortions in EBSD images. 
 
Figure 39  SEM micrograph of arrested crack (see red arrow) in FCG test of CoMC grade attacked with 
Murakami’s reagent (etching time: 6 min). 
 
5.3.1 EBSD results for CoMC grade 
The EBSD measurements, presented in Figures 40 and 41, show a phase image which yields 
information about the main phases presented in the region of interest. In this case, the phase image in 
both figures registers the presence of both Co-fcc and Co-hcp mainly in the side face section. It must be 
noticed that their coexistence is not located exclusively near crack trajectory. In addition, indexing data 
presented in Table 12 exhibits different values of cobalt phases between side face and transversal 
sections. A possible cause for this behavior may be the stresses generated during machining and/or 
rough grinding processes. 
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However, another parameter to take into account is the plastic deformation which could be produced 
during fatigue crack growth process. Within this context, the extent of near-tip plasticity may influence 
the cobalt phase transformation (from fcc  hcp). Thus, indexed quantity differences observed in 
present results may also be related with variation of plastic zone between transversal and face side 
sections. The morphologies observed in fatigue crack fractography (see Figure 33) suggest that the 
presence of crystallographic planes is related with martensitic transformation within the binder phase. 
The scarce indexed cobalt-hcp on transversal section and the increase of cobalt-fcc suggest that side 
faces surfaces of samples experienced fcc  hcp phase transformation. 
Therefore, as mentioned above it may be deemed that both sections are found in stage I of the fatigue 
crack growth and consequently plastic zone deformation surrounding the crack tip are confined to 
distances lower than the mean free path ( Co ). Nevertheless, the extent of the plastic zone ( pr ) in side 
face section is probably higher than the pr  of the transversal section because there exist a higher stress 
constriction of the binder in the transversal section.  
 
Figure 40 EBSD results of CoMC grade (side face section) showing different phases. Legend: green- WC; 
red - Co fcc; blue - Co hcp. 
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Figure 41 EBSD results of CoMC grade (transversal section) showing different phases. Legend: green- WC; 
red - Co fcc; blue - Co hcp.  
 
Table 13 EBSD indexing data for CoMC grade. 
Phase 
Indexed quantity (%) 
Side face section Transversal section 
WC 70.2 32.9 
Cobalt-fcc 2.55 6.23 
Cobalt-hcp 1.42 0.50 
Non-indexing 25.8 60.4 
 
Figures 42 and 43 show image quality (a) and inverse pole figure image (b) of tested samples. The 
image quality gives information about the quality of the surface while IPF micrographs represent 
crystallographic orientations of WC and Co phases. Furthermore, each orientation in IPF maps is 
associated with the Euler angles which represent the location angle of each grain referring to basal 
plane.  
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(a) 
 
 
 
(b)  
Figure 42 EBSD micrographs of CoMC grade (side face section) showing different orientation of grains (A, 
B, C) (a) Image Quality, and (b) IPF image. 
 
 
A 
B 
C 
A 
B 
C 
Fatigue behavior and associated binder deformation mechanisms in WC-Co cemented carbides     Pag. 57
  
 
 
 
 
 
(a)  
 
 
 
 
 
(b)  
Figure 43 EBSD micrographs of CoMC grade (transversal section) showing different orientation of grains (A, 
B, C) (a) Image Quality, and (b) IPF image. 
 
  
A 
C 
B 
C 
B 
A 
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Regarding the WC phase, it should be noticed that there is not a single preferred orientation of WC 
grains (Figures 42b and 43b). Letters A, B and C correspond to grains with crystallographic 
orientations	101ത0,	0001 and 21ത1ത0 respectively. In this case, the attained results suggest that increasing 
sequence of etching effect for the tested sample may be considered as	21ത1ത0 > 	101ത0 > 0001. 
In concordance with literature reports [1] [54], it seems to be that hardness is strongly anisotropic within 
individual grains. Additionally, etching intensity variation is directly related with the difference in hardness 
values of each crystallographic plane. Thus, it is evident that within WC phase the different 
microstructures namely, α-phase ߛ-phase, ߟ-phase or W2C phase produce grains with several hardness 
values leading to surfaces with textures in diverse planes. Consequently, the different crystallographic 
orientation observed in these results corroborates aspects discussed in section 5.2.1.  
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CONCLUSIONS 
Major goal of the present study is to evaluate the fatigue crack growth behavior of hardmetals, as well as 
to provide information of the cobalt binder deformation mechanisms, as assessed by EBSD technique. 
Thus, based on the evaluation of results presented in this study, the following conclusions may be 
drawn: 
1. Analysis of FCG behavior within a fatigue mechanics framework permits to corroborate FCG 
threshold as the effective fracture toughness under cyclic loading. Attained results confirm that 
fatigue threshold ( thK ) values occur at values considerably lower than those of fracture 
toughness.  
2. Fatigue characteristics of studied samples have been assessed by FCG threshold–fatigue limit 
correlation. It is found that the FCG threshold-based approach exhibit an excellent concordance 
between estimated and experimentally determined fatigue limit values. Furthermore, CoMM 
grade exhibits the lowest fatigue sensitivity, followed by CoMC and CoHM. 
 
3. FE-SEM fractographic evaluation points out both agglomerate of coarse grains and abnormally 
coarse grains as critical defects. Additionally, fractographic analyses corroborate that cycling 
loading fracture surfaces are characterized by “step-like” features which are produced by local 
plastic deformation of cobalt binder phase. 
 
4. Effective metallographic sample preparation for EBSD imaging is still a difficult challenge in the 
assessment of cobalt binder phase in WC-Co hardmetals. In this sense, an appropriated 
polishing protocol has been defined. However, WC etching process needs to be studied in more 
detail, with particular emphasis on the etching time influence of Murakami’s reagent. 
 
5. EBSD results suggest that martensitic transformation of Co binder phase (fcchcp) is not 
exclusively associated with cycling loading, as it had been postulated in the literature. On the 
other hand, it seems to be induced by rough grinding of the exposed surfaces. From the 
perspective of fatigue micromechanisms, they are clearly localized within the binder phase, 
although specific nature (slip/twining) of the crystallographic-like path observed may not be 
defined at this research stage. 
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ECONOMICAL COST  
 
No. Item Unit cost Quantity Subtotal (€) 
1 Equipment: 
1.1 Testing Machine INSTRON 25 €/h 120 h 3000 
1.2 Polishing Machine 10 €/h 30 h 300 
1.3 Optical microscope 20 €/h 10 h 200 
1.4 Confocal microscope 40 €/h 20 h 800 
1.5 FE-SEM 35 €/h 10 h 350 
1.6 EBSD 5 €/h 50 h 250 
Subtotal 1: 4900 
2 Laboratory supplies: 
2.1 Polishing cloths 200 €/unit 5 1000 
2.2 Polifast resin 50 €/unit 1 50 
2.3 Diamont past  300 €/l 1 l 300 
2.4 Lubricant 50 €/l 5 l 250 
2.5 Solvent: ethanol 2 €/l 10 l 20 
2.6 Multiple material - - 50 
Subtotal 2: 1670 
3 Research staff (5 months): 
3.1 Junior Engineer  20 €/h 300 h 6000 
3.2 Tutor 40 €/h 80 h 3200 
3.3 Chief Project 60 €/h 10 h 600 
3.4 Laboratory technician 25 €/h 40 h 1000 
Subtotal 3: 10800 
TOTAL (Subtotal 1+ Subtotal 2+ Subtotal 3): 17370 
 
ENVIRONMENTAL IMPACT 
During this study, sample preparation activities have involved the use of considerably quantity of distilled 
water, polishing lubricant and solvent. However, laboratory supplies consumption together with energy 
consumption do not imply an environmental risk and/or deep impact in environmental areas. Indeed, all 
research activities has been conducted by proper management of solid and liquid waste which have 
been framed within institutional and EU environmental policies. 
In general terms, this project has a positive indirect environmental impact over natural resources; in this 
case tungsten and cobalt which are used to produce hardmetals. The results obtained through this 
research will permit to know hardmetals’s microstructure which will allow improving cemented carbide 
tools designs and optimize natural resources required in its production. 
Pag. 62  Memory 
REFERENCES 
[1]  B. Roebuck and E. A. Almond, "Deformation and fracture processes and the physical metallurgy of WC-Co 
hardmetals," International Materials Reviews,  33 (1988) 90-110.  
[2]  D. Coureaux, "Comportamiento mecánico de carburos cementados WC-Co: Influencia de la microestructura en 
la resistencia a la fractura,la sensibilidad a la fatiga y la tolerancia al daño inducido bajo solicitaciones de 
contacto", Tesis Doctoral, Universitat Politècnica de Catalunya, Barcelona, España (2012).  
[3]  K. P. Mingard, B. Roebuck, J. Marshall and G. Sweetman, "Some aspects of the structure of cobalt and nickel 
binder phases in hardmetals," Acta Materialia,  59 (2011) 2277-2290.  
[4]  K. P. Mingard, H. G. Jones, M. G. Gee, B. Roebuck and J. W. Nunn, "In situ observation of crack growth in a 
WC-Co hardmetal and characterisation of crack growth morphologies by EBSD," International Journal of 
Refractory Metals and Hard Materials,  36 (2013) 136-142.  
[5]  J. Hong and J. Gurland, "A study of the Fracture Process of WC-Co Alloys," in Science of Hard Materials, 
Providence, Springer US, (1983) 649-669. 
[6]  G. Erling, S. Kursawe, S. Luyckx and H. G. Sockel, "Stable and unstable fracture surface features in WC-Co," 
Journal of Materials Science Letters, 19 (2000) 437-438. 
[7]  U. Schleinkofer, H.-G. Sockel, K. Gorting and W. Heinrich, "Fatigue of hard metals and cermets," Materials 
Science and Engineering: A,  209 (1996) 313-317. 
[8]  L. LLanes, Y. Torres and M. Anglada, "On the fatigue crack growth behavior of WC-Co cemented carbides: 
kinetics description, microstructural effects and fatigue sensitivity," Acta Materialia,  50 (2002) 2381-2393.  
[9]  C. Fernades and A. Senos, "Cemented carbide phase diagrams: A review," International Journal of Refractory 
Metals and Hard Materials, 29 (2011) 405-418.  
[10] W.-D. Schubert, E. Lassner and W. Böhlke, "International Tungsten Industry Association-Information on 
tungsten: sources, properties and uses," June 2010. [Online]. Available: 
http://www.itia.info/assets/files/Newsletter_2010_06.pdf. [Accessed 5 March 2013]. 
[11] P. Alvaredo, "Nuevos materiales tipo cermet de matriz Fe: Estudio de la composición, microestructura y 
propiedades", Tesis Doctoral, Universidad Carlos III de Madrid, Madrid, España (2012). 
[12] K. Brookes, "There's  more  to  hard  materials  than  tungsten  carbide  alone," Metal Powder Report, 66 (2011) 
36-45. 
[13] M. Seddon, "Metal Pages-World Tungsten Report", Metal-Pages Ltd., 2012 
[14] M. Anglada, J. Alcalá, L. Llanes, A. Mateo and M. Salán, Fractura de materiales, Edicions UPC, 2002.  
Fatigue behavior and associated binder deformation mechanisms in WC-Co cemented carbides     Pag. 63
  
 
[15] P. Ettmayer, "Hardmetals  and  Cermets," Annual  Review  of  Materials  Science,  19 (1989) 145-164. 
[16] G. S. Upadhyaya, "Materials science of cemented carbides - an overview," Materials and Design,  22 (2001) 
483-489. 
[17] National Physical Laboratory, "Mechanical Tests for Hardmetals," Measurement Good Practice Guide, 2009.  
[18] K. Manneson, "WC grain growth during sintering of cemented carbides-experiments and simulations", Doctoral 
Thesis, Royal Institute of Technology, Stockholm,Sweden (2011).  
[19] Sandvik Hard Materials, Cemented carbide, Sandvik new developments and applications, 2005.  
[20] B. Roebuck, M. Gee and E. G. Bennett & R Morrell, A national measurement good practice guide- Mechanical 
Tests for Hardmetals, Teddington, Middlesex, 2009.  
[21] Sandvik Hard Materials, Understanding cemented carbide,2008.  
[22] A. C. Fischer-Cripps, Introduction to Contact Mechanics, New South Wales: Springer, 2007.  
[23] Y. Torres, D. Casellas, M. Anglada and L. Llanes, "Fracture toughness evaluation of hardmetals: influence of 
testing procedure," International Journal of Refractory Metals and Hard Materials, 19 (2001) 27-34. 
[24] L. S. Sigl and H. E. Exner, "Experimental study of the mechanics of fracture in WC-Co alloys," Metallurgical 
Transactions A, 18 (1987) 1299-1308. 
[25] A. G. Evans and R. M. McMeeking, "On the toughening of ceramics by strong reinforcements," Acta 
Metallurgica, 34 (1986) 2435-2441. 
[26] P. Mataga, "Deformation of crack-bridging ductile reinforcements in toughened brittle materials," Acta 
Metallurgica, 37 (1989) 3349-3359. 
[27] L. Sigl and H. Fischmeister, "On the fracture toughness of cemented carbides," Acta Metallurgica, 36 (1988) 
887-897. 
[28] E. Castillo and A. Fernandez-Canteli, A Unified Statistical Methodology for Modeling Fatigue Damage, Springer, 
2009.  
[29] C. Bathias and A. Pineau, Fatigue of Materials and Structures - Fundamentals, John Wiley & Sons, 2012.  
[30] T. Goel and K. Sleight, "Bright Hub Engineering," 27 07 2011. [Online]. Available: 
http://www.brighthubengineering.com/structural-engineering/122086-wohler-fatique-curves-s-n-for-shearing-
stress/. [Accessed 16 April 2013]. 
[31] S. Suresh, Fatigue of Materials, Second ed., New York: Cambridge University Press, 2004.  
Pag. 64  Memory 
[32] W. Weibull, Fatigue testing and Analysis of results, Pergamon Press, 1961.  
[33] Y. Torres, M. Anglada and L. Llanes, "Fatigue mechanics of WC-Co cemented carbides," International Journal 
of Refractory Metals and Hard Materials, 19 (2001) 341-348. 
[34] K. P. Mingard, B. Roebuck, E. G. Bennett, M. G. Gee, H. Nordenstrom, G. Sweetman and P. Chan, 
"Comparison of EBSD and conventional methods of grain size measurement of hardmetals," International 
Journal of Refractory Metals and Hard Materials, 27 (2009) 213-223. 
[35] U. Schleinkofer, H. G. Sockel and K. Görting & W Heinrich, "Fatigue of hard metals and cermets - New results 
and a better understanding," International Journal of Refractory Metals and Hard Materials, 15 (1997) 103-112. 
[36] R. Wilson and H. Bullen, Introduction to Scanning Probe Microscopy (SPM)-Basic Thery - Atomic Force 
Microscopy (AFM), University, Highland Heights: Northern Kentucky University, 2006.  
[37] L. Lianqing , X. Ning , L. Guangyong and C. Heping , "Chapter 4-Atomic Force Microscope-Based Nanorobotic 
System forNanoassembly," in Nano Optoelectronic Sensors and Devices, W. A. Publishing, Ed., Oxford, 
William Andrew Publishing, pp. 51-79, 2012. 
[38] S. Swapp, "Integrating Research and Education-moving research into geoscience courses-SEM," 23 July 2012. 
[Online]. Available: http://serc.carleton.edu/research_education/geochemsheets/techniques/SEM.html. 
[Accessed 31 March 2013]. 
[39] F. Gil Mur and J. Manero Planella, Metalografía, Barcelona: Edicions UPC, 2005.  
[40] H. Yao and K. Kimura, "FORMATEX-Modern Research and Educational Topics in Microscopy," 19 February 
2013. [Online]. Available: http://www.formatex.org/microscopy3/pdf/pp568-575.pdf. [Accessed 3 April 2013]. 
[41] New Mexico Tech-Materials Department, "FE-SEM Principle," [Online]. Available: 
http://infohost.nmt.edu/~mtls/instruments/Fesem/FESEM%20principle.htm. [Accessed 5 April 2013]. 
[42] PhotoMetrics, Inc. The Materials Characterization Lab. , "Field Emission Scanning Electron Microscopy 
(FESEM)," 2012. [Online]. Available: http://photometrics.net/analytical-techniques/field-emission-scanning-
electron-microscopy-fesem. [Accessed 6 April 2013]. 
[43] Oxford Instruments, "EBSD," 2013. [Online]. Available: http://www.ebsd.com/index.php/ebsd-
explained/introduction-to-ebsd. [Accessed 5 April 2013]. 
[44] S. Swapp, "Integrating Research and Education-moving research results into geoscience courses-EBSD," 19 
July 2012. [Online]. Available: http://serc.carleton.edu/research_education/geochemsheets/ebsd.html. 
[Accessed 1 April 2013]. 
[45] F. Humphreys, "Review Grain and subgrain characterization by electron backscatter diffraction," Journal of 
Materials Science,  36 (2001) 3833-3854. 
 
Fatigue behavior and associated binder deformation mechanisms in WC-Co cemented carbides     Pag. 65
  
 
[46] T. Maitland and S. Sitzman, "Electron Backscatter Diffraction (EBSD) Technique and Materials Characterization 
Examples," in Scanning Microscopy for Nanotechnology-Techniques and Applications, W. Zhou and Z. L. 
Wang, Eds., Springer, pp. 41-75, 2007 
[47] Sandvik AB, "Sandvik Hardmaterials/Global-Productivity-Partnership," 2013. [Online]. Available: 
http://www.hardmaterials.sandvik.com/. [Accessed 14 March 2013]. 
[48] Struers A/S, "Struers-Ensuring Certainly," 2013. [Online]. Available: 
http://www.struers.com/resources/elements/12/220753/ConsumablesCatalogue_2013.pdf. [Accessed 5 March 
2013]. 
[49] G. Vander Voort, Metallography, principles and practice, Ohio: ASTM International, 2004.  
[50] I. Horcas, J. Fernández, J. Gómez-Rodríguez, J. Colchero, A. Gómez-Herrero and A. Baro, "WSxM software," 
Rev. Sci. Instrum., 2007. 
[51] J. Guo, S. Amira, P. Gougeon and X.-G. Chen, "Effect of the surface preparation techniques on the EBSD 
analysis of a friction stir welded AA1100-B4C metal matrix composite," Materials Characterization, 62 (2011) 
865-877.  
[52] Y. Torres, S. Rodríguez, A. Mateo, M. Anglada and L. Llanes, "Fatigue behavior of powder metallurgy high-
speed steels: fatigue limit prediction using a crack growth threshold-based approach," Materials Science and 
Engineering: A,  387-389 (2004) 501-504. 
[53] V. Bonache, E. Rayón, M. D. Salvador and D. Busquets, "Nanoindentation study of WC–12Co hardmetals 
obtained from nanocrystalline powders: Evaluation of hardness and modulus on individual phases," Materials 
Science and Engineering: A,  527 (2010) 2935-2941.  
[54] M. N. Haller, "Metallography and Microstructures of Cemented Carbides," in Metallography and Microstructures, 
vol. 9, ASM Handbook American Society of Metals, pp. 273-278, 1985. 
[55] ASM International-The Materials Information Society, Tool Materials, J. R. Davis, Ed., p. 501, 1995. 
 
 
